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A 20-nucleotide sequence close to the 3* end of the internal exon of a model two-intron, three-exon pre-mRNA
(DUP184 [Z. Dominski and R. Kole, J. Biol. Chem. 269:23590–23596, 1994]) was replaced by a random 20-mer,
resulting in a pool of pre-mRNAs which, like the initial DUP184 construct, were spliced in vitro by a pathway
leading to predominant skipping of the internal exon. The randomized pre-mRNAs were subjected to a
selection protocol, resulting in a pool enriched in pre-mRNAs that efficiently included the internal exon.
Isolation and sequencing of a number of clones corresponding to the selected pre-mRNAs showed that two
classes of sequences were selected from the initial pool. Most abundant among these were sequences with
purine tracts similar to those in the recently identified exon-splicing enhancers, while a smaller class included
sequences lacking discernible purine tracts within the 20-nucleotide region. Splicing of selected pre-mRNAs
showed that the purine tracts vary in their ability to promote exon inclusion and, more important, that
sequences lacking purine tracts stimulate inclusion of the internal exon as efficiently as their purine-rich
counterparts. The latter result indicates the existence of a novel class of exon recognition sequences or splicing
enhancers.

The role of exons and exon sequences in pre-mRNA splicing
and splice site selection was first observed several years ago
(14, 15, 31, 34). The early work as well as subsequent reports
showed that short exons greatly decrease the efficiency of in
vitro splicing in monointronic pre-mRNAs (14, 15, 30, 31, 34,
47) and are frequently skipped from multiintronic pre-mRNAs
spliced both in vitro and in vivo (2, 3, 10, 11, 28, 36). The
experimental data were in agreement with the statistical anal-
ysis of exon length, which showed that an average vertebrate
internal exon is 137 nucleotides long and that internal exons
shorter than 50 nucleotides are present in less than 5% of the
analyzed sequences (18). Recent results showed that the upper
limit on exon length is not as stringent, and internal exons of up
to 1,500 nucleotides have been shown to be efficiently included
in the spliced RNA (5). A possible mechanism for skipping of
short exons appears to be an interplay of steric hindrance
between the splicing factors bound to splice sites flanking the
exon and their affinities for these sites (2, 3, 11, 25, 28, 36, 40).
The cumulative evidence led to a proposal (32), supported by
subsequent observations (11, 25, 36, 40), that exons and not
introns constitute the element in pre-mRNA that is initially
recognized by trans-acting splicing factors.
Specific exon sequences were found to be essential for al-

ternative splicing of a cascade of gene products that determine
gender-specific development in Drosophila flies (19, 21, 29, 42,
43, 44), for proper splicing in certain retroviruses (13, 22), and
for tissue-specific splicing in a number of other pre-mRNAs (8,
17, 37, 45, 49). In some instances, even one or two point
mutations within an exon sequence completely abolished its
recognition by the splicing machinery (6, 7). Recently, polypu-
rine tracts were identified in a number of alternatively spliced
exons and found to promote splicing at the upstream 39 splice
site (9, 26, 38, 41, 50–52). At least in some pre-mRNAs, these

sequences appear to have enhancer-like properties, since they
increase internal exon inclusion from various positions within
the exon (26, 41). There appears to be a range of purine
sequences that stimulate splicing, although poly(A), poly(G),
and purines interrupted by uridines are not effective (41). The
latter observation is in agreement with our early work, which
showed that pyrimidine tracts (mostly uridines) act as splicing
‘‘poison sequences’’ when inserted in the downstream exon of
monointronic pre-mRNA (15). Although purine-rich splicing
enhancers clearly stimulate splicing in some pre-mRNAs, it
seems unlikely that they are the only exon sequences respon-
sible for recognition of internal exons. Moreover, polypurine
sequences may not be effective in all sequence contexts. For
example, a fragment of the human immunodeficiency virus tat
exon inhibits splicing at the upstream 39 splice site in spite of
the fact that it contains a purine-rich tract (1). Thus, it seems
possible that exons contain both negative and positive splicing
elements which play a role in determining the balance between
exon inclusion and skipping.
Identification of functional exon sequences by mutations of

alternatively spliced exons, although useful, limits one to a
relatively small number of exons. Furthermore, the types of
introduced mutations are usually based on preconceived no-
tions on the role of specific sequence elements in splicing;
hence, this approach may easily miss important sequences that
are not obvious at the outset.
In this study, by taking advantage of molecular selection

techniques (16, 20a, 46), exon sequences that stimulate inclu-
sion of the internal exon into the mRNA have been selected
from a pool of approximately 1012 sequence species. As a
model, we have used three-exon pre-mRNAs, in which exon
inclusion patterns are easily detectable. Splicing of these pre-
mRNAs had previously allowed us to demonstrate that the
lengths of exons (10), their interactions with other sequence
elements in pre-mRNA (11), and their sequences (12) affect
exon recognition and splice site selection, both in vitro and in
vivo. The present findings indicate that several of the selected
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sequences contain polypurine tracts, as could be expected in
the light of previous results (9, 12, 26, 27, 35, 38, 41, 51, 52),
and that the purine-rich sequences vary in their ability to pro-
mote exon inclusion. More important, we have found se-
quences that lack polypurine tracts yet efficiently stimulate

inclusion of the internal exon, which points to the existence of
a novel group of exon recognition sequences or splicing en-
hancers.

MATERIALS AND METHODS

The DUP184 construct that served as the starting material for the selection
procedure was described previously (12). All amplimers used in the selection
procedure are illustrated schematically in Fig. 1A. Oligonucleotide R, used to
generate the randomized sequence pool, included 18 and 20 nucleotides of
flanking sequence upstream and downstream, respectively, of the random 20-
mer. The sequences of amplimers 5 and 6 are shown in Fig. 1B. The sequences
of amplimers 1 to 4 are: amplimer 1, TCTGCTTCAGTAAGCCAGATGCTAC
ACAAT; amplimer 2, CACCCGCAGAGTACTGCAATTTGACT; amplimer 3,
GCAGACATTACGAATGGCAG; and amplimer 4, CCTGAAGCTTTCAGG
ATCCCACGTGCAGCT. The sequences of the internal exon and the random-
ized fragment are shown in Fig. 1B.
Transcription of DNA templates by SP6 RNA polymerase, preparation of

nuclear extracts from HeLa cells, and in vitro splicing were done by established
procedures (23, 24) as described previously (11). The DNA templates used in the
experiments shown in Fig. 4 were PCR products, representing pools from each
selection cycle. The individual plasmids that served as transcription templates for
the splicing experiments shown in Fig. 3 and 8 were prepared by the boiling
miniprep method; those shown in Fig. 6 were purified through CsCl gradients
(33). The plasmids were linearized with BamHI before transcription. After in
vitro splicing, the RNA used in the selection procedure (see below) was extracted
with Tri-Reagent (Molecular Research Center, Cincinnati, Ohio) to remove the
DNA template.
The molecular selection procedures (16, 20a, 46) were carried out as sche-

matically represented in Fig. 1A and discussed in the text. rTth thermostable
DNA polymerase was used for the reverse transcription step, and either rTth or
Taq polymerase was used for the PCR step of the selection procedure. The
reaction conditions were as recommended by the manufacturer (Perkin Elmer
Cetus). The spliced RNA isolated from 80 ml of in vitro splicing reaction mix was
subjected to reverse transcription in a 20-ml and subsequent PCR in a 100-ml
reaction volume. The primers were used at 0.6 mM. Although the random 20-mer
oligonucleotide represents a pool of approximately 1012 different sequences, the
reaction conditions may not be sufficient to reach this number.
All autoradiograms were captured with a DAGE MTI CCD72 video camera

(Michigan City, Ind.), and the images were processed with NIH Image 1.47 and
MacDraw Pro 1.0 software. The efficiency of internal exon inclusion was quan-
titated by densitometry of the autoradiograms shown in Fig. 3, 6, and 8. The
results are expressed as a percentage of the product with included internal exon
relative to the sum of the products with the exon either skipped or included. The
final figures were printed out on a Sony dye sublimation printer.

RESULTS

We have previously obtained two-intron, three-exon con-
structs, based on the human b-globin pre-mRNA, in which the
internal exons of approximately the same length were either
skipped or included, depending on their sequence; these con-
structs provided an excellent model system for studies on exon
recognition sequences (12). It was found that a 184-nucleotide-
long internal exon (DUP184), containing a sequence from the
yeast URA3 gene flanked by human b-globin splice sites, was
skipped during splicing in HeLa nuclear extract and in trans-
fected HeLa cells (see Fig. 1 for the structure of the construct).
Skipping was partially reversed if the DUP184 sequence was
mutated to include a purine-rich tract, an oligo(C) tract, or a
fragment of the human b-globin exon (12) (see also the
DUP184AG construct [Fig. 3, 5 and 7]). To gain a more gen-
eral view of exon recognition sequences, we developed a PCR-
based in vitro evolution protocol (16, 46) for selection of se-
quences that prevent skipping of the DUP184 exon and
stimulate its inclusion.
Analysis of randomized constructs. The scheme of the ran-

domization and selection procedure is shown in Fig. 1A. First,
the 59 and 39 fragments of the DUP184 construct were ob-
tained by PCR with amplimers 1 and 2 and amplimers 3 and 4,
respectively. To introduce the random sequence, the 39 frag-
ment of DUP184 was subjected to PCR with amplimers R and
4; the former is a 58-mer oligonucleotide containing 20 nucle-
otides of random sequence and 18- and 20-nucleotide flanks

FIG. 1. (A) Selection procedure. Boxes, exon sequences; thin lines, introns;
SP6 box, SP6 promoter; heavy lines, amplimers 1 to 5 and R. Amplimer R
contains the 20-nucleotide random sequence (stippled). Incorporation of this
sequence by PCR, as shown, into the internal exon of DUP184 results in the
DUP184R construct, which represents a pool of DNA templates containing the
random sequence. Transcription and splicing of DUP184 leads to predominant
internal exon skipping, but that of DUP184R yields spliced RNA, a small fraction
of which efficiently includes the internal exon. This RNA fraction is amplified by
RT-PCR, and the product (R9) is isolated. The RT-PCR product is enriched in
sequences that promote internal exon inclusion and is used in the next cycle of
PCR, transcription, splicing, and RT-PCR (see Materials and Methods and
Results for details). (B) Sequence of the internal exon of DUP184 pre-mRNA.
The randomized sequence is boxed; arrows indicate amplimers 5 and 6, respec-
tively.
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complementary to the 39 portion of the DUP184 internal exon.
The two-step procedure was designed to eliminate selective
hybridization of some species of amplimer R to the DUP184
sequence. The 59 half and the randomized 39 half, which now
overlap by 18 nucleotides (overlap of amplimers R and 2),
were combined, annealed, and subjected to PCR with am-
plimers 1 and 4. This procedure generated a pool of DNA
templates (DUP184R [Fig. 1A]) containing the SP6 promoter
and the full-length equivalent of the DUP184 sequence con-
taining the randomized sequences in the 39 portion of the
internal exon.
To gain insight into the sequences of the randomized pool,

the HindIII-BamHI fragment of the PCR-generated templates
(Fig. 1A) was subcloned into the SP64 vector, and 30 individual
clones were isolated and sequenced as described under Mate-
rials and Methods. The replacement of DUP184 sequences
was clearly successful, since all but one of the constructs
showed modified sequences within the targeted region (Fig. 2).
The single unmodified clone (clone 0.30 [Fig. 2]) probably
originated from the DUP184 plasmid used as the initial tem-
plate for PCR. Of the sequenced clones, 19 contain the full-
length 20-mer, while 11 clones are truncated within the ran-
domized sequence. These deletions are most likely due to
hybridization during PCR of the overlapping region of the 59
half to sequences within the randomized 20-mer. The pool of
20-mer sequences has an apparent purine bias (the average
purine content of the full length 20-mer is 67%, ranging from
45 to 85%). Moreover, the first nucleotide of the 20-mer is an
adenosine in 10 of the 19 full-length clones and in 19 of all 30
clones. A high frequency of adenosine at the first position was
also detected by sequencing the total pool of DNA templates
(data not shown). These deviations from random sequence
were generated either during the chemical synthesis of am-
plimer R or by PCR.
To test the splicing characteristics of the modified con-

structs, 10 clones were transcribed by SP6 RNA polymerase,
and the pre-mRNAs were spliced in a HeLa nuclear extract.
They included five consecutively isolated full-length constructs
(clones 0.2, 0.3, 0.4, 0.6, and 0.7) and those that contained short
purine tracts (defined as four or more consecutive purines) at
the 59 end (0.12 and 0.17), at the 39 end (0.13), or in the middle
(0.15) of the 20-mer sequence (Fig. 2). Pre-mRNA 0.19 (Fig.
2), with the 85% purine-rich 20-mer sequence, was also tested
in the splicing assay.
Splicing of the pre-mRNA transcribed from the DUP184

construct, the starting material for the selection procedure, led
to predominant skipping of the internal exon (Fig. 3, lane 2),
while splicing of the control DUP184AG pre-mRNA (Fig. 3,
lane 1), containing a polypurine tract in the internal exon,
resulted in a marked increase in exon inclusion, as previously
observed (12). With the exception of constructs 0.6 and 0.7
(Fig. 3, lanes 6 and 7, respectively), all other constructs in-
cluded the internal exon either as inefficiently as the starting
DUP184 pre-mRNA (compare lane 2 with lanes 5, 8, 9, and 19
in Fig. 3) or only slightly better (Fig. 2, lanes 3, 4, 10, and 11).
These results lead to several conclusions.
First, the fact that construct 0.7, which is efficient in exon

inclusion (Fig. 3, lane 7), was found among the 10 unselected
clones predicts that it will be possible to select similar con-
structs from the original pool of randomized PCR products.
Second, the replacement of the DUP184 sequence with mod-
ified sequences that do not promote exon inclusion indicates
that the exon inclusion seen in construct 0.7 and other selected
clones (see below) is caused by positively acting sequences
introduced in the randomized fragment and not by removal of
a negative element from the DUP184 RNA (see also Discus-

sion). Third, the enhancement of exon inclusion does not cor-
relate well with the purine content or the length of the purine
tracts within the 20-mer sequence. The efficiently included
exon in pre-mRNA 0.7 (Fig. 2 and Fig. 3, lane 7) has 55%
purines and a single six-nucleotide uninterrupted purine tract
within the randomized 20-mer, whereas pre-mRNA 0.19 (Fig.
3, lane 12) and, for that matter, DUP184 (Fig. 3, lane 2), with
purine contents of 85 and 70% and three and two purine tracts,
respectively, are unable to include the internal exon. These
observations suggest either that specific purine tract sequences
may act as splicing enhancers or that other sequences within
the randomized fragment are equally capable of promoting
exon inclusion.
Selection of exon recognition sequences. To select constructs

that contain exon recognition (enhancer) sequences, the pre-
mRNA was transcribed from the total pool of DNA templates
containing the random sequences (DUP184R) and spliced in a
HeLa extract. Total RNA from the splicing reaction mix was
subjected to reverse transcription-PCR (RT-PCR) with am-
plimers 4 and 5, the amplified products were resolved on an

FIG. 2. Sequences of the randomized region in individual clones obtained
from the initial pool of DNA templates. The sequence of DUP184, the starting
material, is at the top. The lower part of the figure shows the sequences of the
clones that have deletions within the randomized 20-mer. Tracts of four or more
consecutive purines are shown in boldface.
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agarose gel, and the band corresponding to the spliced three-
exon mRNA was excised and eluted. The last step removed
RT-PCR products that may have been generated on unspliced
pre-mRNA present in the splicing mixture. In the subsequent
step, the randomized sequence of the internal exon, which in
principle could have originated only from a pool of sequences
that enhance exon inclusion, was amplified with amplimers 5
and 6, yielding product R9. The R9 fragment was used as an
amplimer in the next round of PCRs to generate first the
overlapping halves and then the full-length DUP184R9 tem-
plate. In this step, the random sequence, now presumably
enriched in exon inclusion enhancers, was inserted back into
the DNA template containing the introns. This material was
used in the next cycle of transcription, splicing, and selection,
as shown in Fig. 1A.
Figure 4 shows the analysis of in vitro splicing of the pooled

pre-mRNA mixtures subjected to five cycles of splicing and
selection. Splicing of the pre-mRNA pooled from the first
selection cycle already showed enhancement of exon inclusion
relative to DUP184 pre-mRNA, as indicated by the increased
amount of the spliced product containing all the three exons
(Fig. 4, lane 4). Exon inclusion increased further with subse-
quent cycles (Fig. 4, lanes 5 to 7), so that after cycle 5 (lane 8),
most of the pooled pre-mRNA was spliced via the exon inclu-
sion pathway.
Analysis of selected constructs. After cycle 5, the amplified

material (Fig. 1A) was subcloned, and the individual clones
were isolated and sequenced. We have obtained sequences of

the 22 individual clones that contained the selected full-length
20-mer (Fig. 5, top) and, in addition, of the 10 clones that were
truncated within the 20-mer sequence (Fig. 5, bottom).
As expected, the differences in sequence were localized to

the randomized 20-mer, and no additional mutations, possibly
introduced by the multiple rounds of PCR, were detected in
the sequences adjacent to this region. Among the 22 clones
containing the full-length 20-mer sequence, approximately
70% of the selected sequences begin with A and end with U
(Fig. 5), a significant change in comparison to the unselected
20-mers, of which 50% start with A and 11% end with U (Fig.
2). There is no indication of a clear consensus at the remaining
positions of the selected sequences. Like the unselected clones,
those from cycle 5 retain the high purine content, averaging
63% and ranging from 50 to 75%, and most of them contain
purine tracts. The nature of the tracts seems to be similar in
the full-length and truncated clones, suggesting that deletions
do not significantly affect the underlying mechanism of selec-
tion.
Since purine tracts were identified as exon-splicing enhanc-

ers (9, 12, 26, 27, 35, 41, 51, 52), it seemed likely that they are
responsible for the increase in exon inclusion seen in splicing
of the cycle 5 RNA pool. It was then surprising that several
clones which, in spite of their relatively high purine content,
lacked clearly discernible purine tracts which may be consid-
ered splicing enhancers (Fig. 5, clones, 5.3, 5.13, 5.22, and 5.33)
were selected. To investigate whether variations in the se-
quence of the selected clones and in particular the lack of
polypurine tracts affect the efficiency of exon inclusion, several
clones were transcribed, and their RNA was spliced in vitro in
nuclear extracts from HeLa cells.
Constructs with single or multiple purine tracts within the

randomized sequence and especially those lacking tracts of
four consecutive purines were chosen for splicing. To eliminate

FIG. 3. Splicing of individual pre-mRNAs transcribed from the constructs
shown in Fig. 2. Splicing of control pre-mRNAs which include (DUP184AG) or
exclude (DUP184) the internal exon (12) is shown in lanes 1 and 2, respectively.
Lanes 3 to 12, splicing of pre-mRNAs transcribed from the individual clones
indicated at the top of the figure. The structures of the products and interme-
diates of splicing are shown on the right. Some of the bands migrating between
the included and skipped spliced products represent additional splicing interme-
diates (see Fig. 6), while the others are contaminants arising from transcription
of the pre-mRNA from the crude, miniprep DNA templates (see Materials and
Methods). This procedure was used in this experiment and the one shown in Fig. 8.

FIG. 4. Splicing of selected pools of pre-mRNAs. The RNA from DUP184R
pooled templates was transcribed and spliced in a HeLa cell extract. Lane 1,
unspliced transcript from cycle 3 of the selection procedure; lanes 2 to 8, splicing
of the following pre-mRNAs: lane 2, DUP184/AG; lane 3, DUP184; lanes 4 to 8,
pre-mRNAs from cycles 1 to 5, respectively, as indicated at the top of the figure.
The structures of the products and intermediates of splicing are shown on the
right. The band migrating on the gel between the skipped and included spliced
products is not generated during splicing but originates as a result of pretermi-
nation or degradation during SP6 RNA polymerase transcription of the pooled
PCR-derived templates.
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a possible effect of internal exon length on the splicing path-
way, splicing was carried out with pre-mRNAs containing the
full-length 20-mer sequence. Consistent with the results of
splicing of pooled RNA from cycle 5 (Fig. 4, lane 8), all pre-
mRNAs tested included an internal exon much more efficiently
than the starting construct, DUP184 (Fig. 6, lane 3). However,
as has already been noticed for unselected clones, the efficiency
of exon inclusion did not correlate well with the length or the
‘‘strength’’ of the polypurine tracts. For example, clones 5.4,
5.7, and 5.17 (Fig. 6, lanes 9, 10, and 12, respectively), which
contain more than one polypurine tract (see Fig. 5), were not
as efficient in exon inclusion as clone 5.8 (Fig. 6, lane 5), in
which the 20-mer sequence is truncated by one nucleotide and
contains a single stretch of eight consecutive purines. In fact,
the three former clones included the exon about as well as
clone 5.1 (Fig. 6, lane 6), which contains only a single purine
tetramer and, in addition, four uridines, nucleosides reported
to interfere with exon enhancer activity (41). The splicing of
clone 5.33 (lane 4) was even more striking. This clone has no
polypurine sequence yet was about as efficient in exon inclu-
sion as the clones containing the purine tracts. In fact, it was
somewhat more efficient in exon inclusion than clone 5.2 (Fig.

6, lane 7), with a 9-mer sequence, GAGAAGGAA (Fig. 5),
which conforms to a presumed consensus sequence for purine
splicing enhancers (27, 41). Among the clones lacking the
polypurine tracts, the ability to promote exon inclusion was not
unique to clone 5.33, since two other constructs from this
group, clones 5.3 and 5.13, included the internal exon with an
efficiency similar to that of clone 5.2 (Fig. 6, lanes 8 and 11,
respectively). These results clearly indicate that certain se-
quences lacking purine tracts serve as exon recognition signals
about as efficiently as polypurine sequences.
Further selection of exon recognition sequences. Since there

was an apparent lack of consensus in the selected 20-mer
sequences and variability in the efficiency of exon inclusion
among the pre-mRNAs selected through cycle 5, we subjected
the selected material to two additional selection cycles, with
subsequent cloning and analysis along the lines discussed
above. We expected that additional cycles might eliminate the
less efficiently included exon sequences and narrow down the
spectrum of selected sequences.
Sequence analysis of the 26 full-length clones (Fig. 7) shows

that there is only a small, if any, drift in the overall character
of the selected sequences compared with those after five cycles.
The first adenosine and the last uridine of the 20-mer sequence
are now present in over 80% of the clones. There is still a lack
of consensus at other positions, and the average purine content
(64%) is not significantly changed from that of cycles 0 and 5.
Several clones lack polypurine tracts; these include three
clones with intact 20-mer sequences and six with truncated
sequences (not shown). The average uridine content is reduced
from four to three residues per 20-mer sequence, while the
average number of cytidines is increased slightly, if at all (19 to
21%). There are only two significant differences due to the
additional two cycles. First, the number of truncated sequences
increased from one-third to almost half of the selected clones
(not shown). Second, in the majority of clones, the flanking

FIG. 5. Sequence of the randomized region from individual clones obtained
after the fifth cycle of selection. Details are as described in the legend to Fig. 2.

FIG. 6. Splicing of individual pre-mRNAs selected in cycle 5. Lanes 1 to 3,
splicing of control pre-mRNAs DUP175, DUP184AG, and DUP184 (12), re-
spectively; lanes 4 to 12, splicing of pre-mRNAs transcribed from the individual
clones indicated at the top of the figure. The structures of the products and
intermediates of splicing are shown on the right. The DNA templates used for
pre-mRNA transcription were purified by CsCl gradient centrifugation.
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sequence immediately adjacent to the 39 end of the random-
ized 20-mer contained two to four repeats corresponding to the
sequence of amplimer 6 (data not shown). This is probably
because part of this sequence, at the 39 end of amplimer 6,
GCAG, is repeated three times in the downstream region of
the exon (see Fig. 1B). It is not clear why these aberrant PCR
products became dominant after the seventh cycle of the pro-
cedure, since the repeats do not appear to promote more
efficient exon inclusion (see below).
The efficiency of exon inclusion was tested with five pre-

mRNAs containing polypurine tracts (Fig. 7, clones 7.1, 7.11,
7.21, 7.23, and 7.25) and four pre-mRNAs lacking them (Fig. 7,
clones 7.14, 7.29, 7.32, and 7.36). In the latter group, clone 7.29
had the full-length 20-mer sequence, clone 7.32 had a 1-nucle-
otide deletion, and clones 7.14 and 7.36 had 6- and 8-nucle-
otide deletions, respectively. As with the constructs selected
after five cycles, the observed variability in the efficiency of
exon inclusion for cycle 7 pre-mRNAs did not correlate well
with the purine tract content of the 20-mer sequence. The
internal exon of clone 7.11, with two purine tracts of 8 and 4
nucleotides, was included most efficiently (Fig. 8, lane 2). The
remaining constructs containing purine tracts included the in-
ternal exon with an efficiency varying from 57 to 84% (Fig. 8,
lanes 1 and 4 to 6). A similar efficiency of exon inclusion was
observed for clones 7.29, 7.32, and 7.36, which are devoid of

polypurine sequences (Fig. 8, lanes 7 to 9, respectively). Clone
7.14, with a truncated 20-mer sequence lacking purine tracts
(Fig. 8, lane 3), included the internal exon least efficiently but
still to a much greater extent than the initial DUP184 pre-
mRNA. The exon sequence downstream from the selected
sequence containing the amplimer 6 repeats does not appear
to affect the course of splicing. This is best seen by comparison
of clones 7.1, 7.11, and 7.21, which have the same four repeats
of the primer sequence (data not shown) but differed in effi-
ciency of exon inclusion. Overall, the results indicate that in
spite of the additional selection steps, the variability in the
efficiency of exon inclusion was maintained, as was exon inclu-
sion in the absence of polypurine tracts.

DISCUSSION

By using a PCR-based molecular selection procedure, we
have identified a number of exon sequences that promote exon
inclusion. This approach provides a powerful method for iden-
tification and functional testing of exon recognition elements
without preconceived notions as to their sequence or role in
splicing. Furthermore, the sequences studied are not limited to
those originating from previously identified alternatively
spliced exons, and their function can be determined in any
sequence context and in conjunction with different splice sites,
as exemplified by the model constructs based on the human
b-globin gene investigated in this study.
From the initial pool of up to 1012 sequences, the procedure

rapidly selected those that promoted inclusion of internal ex-
ons in spliced RNA, as evidenced by a marked increase in the
three-exon spliced product after a single selection step and
nearly complete internal exon inclusion after cycle 5 of the
procedure (Fig. 4). Analysis of the individual constructs
showed that the selection generated a surprisingly wide spec-
trum of 20-mer sequences, all of which markedly enhanced
exon inclusion in comparison to the initial DUP184 construct.
Note that after cycles 5 and 7, we have chosen for in vitro
splicing a number of constructs that appeared to lack typical
purine enhancers. This may be responsible for the fact that the
efficiency of exon inclusion in the total pool of cycle 5 (Fig. 4,
lane 8) appears to be higher than that of the individual clones
selected in this cycle. The enhanced exon inclusion is due to
positive effects of the introduced sequences rather than the
removal of negative elements from the DUP184 internal exon.
This is seen by the facts that only 1 out of 10 sequences
stimulated efficient exon inclusion in the unselected pool (Fig.
3), whereas a number of such sequences were identified after
several cycles of selection, and that no negative elements could
be identified in DUP184 pre-mRNA by extensive mutational
analysis of the internal exon (12).
The synthesis of the random oligonucleotide and the PCR

resulted in an initial DNA template pool that was biased to-
wards a high purine content in the randomized sequence
(67%). Interestingly, selection, even from such a biased pool,
led to identification of several constructs that lacked polypu-
rine tracts yet promoted exon inclusion as efficiently as those
with previously identified purine-rich splicing enhancer se-
quences (9, 26, 27, 35, 38, 41, 51, 52). These constructs clearly
represent a novel group of exon recognition sequences, distinct
from the purine motifs and from an oligo(C) element identi-
fied previously (12). The non-purine tract sequences were
found in 8 of the 48 full-length clones and in 9 of the 30 clones
with a truncated 20-mer sequence. Thus, although less fre-
quent than the polypurine tracts, they represent a significant
fraction of the total sample. Like the total sequence sample,

FIG. 7. Sequences of the randomized region from individual clones obtained
after the seventh cycle of selection. Details are as described in the legend to Fig.
2.
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clones lacking polypurine tracts do not exhibit a consensus for
most of the positions in the aligned full length 20-mer se-
quence, indicating that a number of different sequences may
promote exon inclusion. Such a diverse group of sequences
would certainly remain undetected without the powerful selec-
tion procedure employed in this work. Note, for example, that
a possible member of this group was generated only acciden-
tally in a control experiment in a recent study (35).
The selection procedure does not seem to affect the overall

purine content or the nature of the purine tracts. The only ap-
parent difference between the unselected and selected clones is
a large increase in the frequency of constructs with randomized
sequences starting with adenosine and ending with uridine
nucleotides. The significance of this observation is unclear.
One possibility is that these nucleosides contribute to a com-
mon secondary or tertiary structure that is required for effi-
cient exon recognition. Alternatively, adenosine and uridine
create potential pseudo-splice sites flanking the 20-mer se-
quences (GGUGANNN . . . NNNUGCAG versus G/GUAA
GU . . . YNCAG/G for consensus splice sites, where Y is U or
C). Although we have excluded the direct positive role of
cryptic splice sites in stimulating exon inclusion in the DUP184
construct (12), these structures may contribute to the selection
mechanism.
Most of the previous studies on exon splicing enhancers

tested for improvement of splicing efficiency of single-intron
pre-mRNAs (9, 26, 38, 41, 50–52). In these studies, the activity
of the enhancer did not appear to rigidly depend on the se-
quence of the uninterrupted purine tracts, although significant
modifications, such as insertions of a large number of pyrimi-
dines, uridines in particular, or replacement with purine ho-
mopolymers (41), abolished their activity. The assay used in
this study, based on the analysis of splice site selection as

reflected in skipping or inclusion of the internal exon, shows
that the sequence of the polypurine tract and apparently the
context within the 20-mer sequence have a significant effect on
the efficiency of exon inclusion. For example, polypurine tracts
with the sequence GAAGGA, representing a consensus exon
splicing enhancer (27), in some instances promote exon inclu-
sion to a lesser extent than other sequences, including those
lacking polypurine tracts. Nonetheless, the frequency with
which polypurine tract sequences are selected in our procedure
suggests that they represent a class of important exon recog-
nition sequences operating, albeit with variable efficiency, in
different sequence contexts.
Although it is not known whether some or all of the selected

sequences interact with splicing factors, it appears likely that
they bind specific proteins which, in conjunction with splicing
factors, form sequence-specific spliceosomes. A prime candi-
date for this model of exon recognition is the family of SR
proteins (53; reviewed in reference 20). The individual SR
proteins have been shown to have different effects on alterna-
tive splicing of pre-mRNAs with different sequences (54) and
also depending on the presence of other proteins, such as
hnRNPA1 (4, 28) and tra and tra2 (27). Recent results showed
that SR proteins interact with exon enhancer sequences (26,
35, 39) and, depending on the sequence of the enhancer (35),
form complexes that include different family members. In ad-
dition to the well characterized SR proteins (53), anti-SR
monoclonal antibody detects a number of other proteins in
HeLa cells (22a). Moreover, U1 and U2 small nuclear ribo-
nucleoproteins (26, 41) and U2AF splicing factor (48) appear
to interact with enhancer sequences, most likely via protein-
protein interactions with SR protein factors. From these data,
one can anticipate that numerous sequence-specific splicing
complexes will be formed on exon sequences or that a large
number of sequences may acquire a similar tertiary structure
that is recognized by the splicing machinery. The diversity of
sequences identified in this work may reflect these possibilities.
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